In this paper, the effects of variable clearance in multi-bolt, composite joints on load distribution, quasi-static strength and fatigue life have been studied experimentally. Both single-lap and double-lap configurations have been examined. The clearances examined ranged from neat-fit to clearances slightly larger than those allowed in the aircraft industry. Clearance has been found to have major effects on the load distribution in bolted joints, but negligible effect on ultimate strength. However, clearance had significant effects on initial failures such as bearing failure in one hole. A clearance-fit hole has been found to reduce fatigue life. The number of cycles to initiation of hole elongation under fatigue was particularly sensitive to the presence of a loose-fit hole.
INTRODUCTION
An understanding of bolted joint behaviour is essential to the design of efficient aerospace structures from carbon-fibre reinforced polymer materials. In a typical manufacturing environment, the diameter of fasteners and holes will vary within certain allowed tolerances. The combination of bolt and hole tolerances will result in a range of allowable bolthole fits, which in composites are generally clearance rather than interference fits, due to concerns over damage caused to the composite during insertion of the fastener, and removal of the fastener during inspections. Though a large body of literature exists on composite bolted joints, the majority of the studies have involved neat-fit fastener holes. The studies that have considered the effects of clearance have mostly been concerned with pin-loaded or single-bolt joints [1] [2] [3] [4] [5] [6] [7] .
Concerning multi-bolt joints, Fan and Qiu [8] performed a study of the effects of clearance on load distribution in multi-bolt joints using an analytical approach. Their configuration was a four-fastener, single-shear joint and they found that with clearance fits in the inner two holes, a substantial amount of the load was transferred to the outer two bolts. Kim and Kim [9] and McCarthy and McCarthy [10] also reported shifts in load away from clearance fit holes in finite element studies. The only experimental study on the topic was performed by Stanley et. al. [11] , which confirmed that clearance fit holes result in an increased share of load at other holes. However this study was limited to single-lap joints and did not consider the effects of clearance on strength. Concerning fatigue life, Hart-Smith [12] and Kim [13] have both commented on the likely negative effects of clearance fits on the fatigue life of composite joints due to bolts moving back and forth in the hole under tension-compression fatigue loading. Both authors stated that fasteners in composite joints should not be loose. On the other hand, Hart-Smith [12] stated that the laminates should not be damaged by the installation of fasteners with an excessive interference fit. Neither of these publications gave a clear definition of just how much clearance is acceptable or how much the fatigue life is shortened by loose bolts. As noted above it is impossible in practice to ensure zero clearance in all holes, and a range of bolt-hole fits will be allowed in a production environment. Therefore some quantified information on this subject is desirable.
The present paper presents an experimental study of the effects of variable bolt-hole clearance in multibolt composite joints on load distribution, quasi-static strength and fatigue life. Both single-lap and doublelap joints are considered and the effects of clearance on both ultimate failure load and the load at which initial failure (e.g. bearing failure at one hole) occurs are presented. Concerning fatigue life, joints were tested under fully reversed, constant amplitude loading and results are presented in terms of S-N
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diagrams. The work was performed as part of a EU sponsored project on bolted joints in composites [14] .
EXPERIMENTAL METHODS
The single-lap specimen geometry is shown in Fig. 1 and the double-lap geometry is shown in Fig. 2 . Also shown in these figures for reference is the hole numbering used here. The width-to-diameter and edge-to-diameter ratios were the same for both joints (w/d = 6, e/d = 3). All tests were carried out with protruding-head titanium alloy bolts, torqued to finger-tight conditions, with steel washers on nut and head side. Finger tight conditions were used based on the finding of previous authors (e.g. [15] ) that it is not acceptable to rely on the beneficial effects of torque because bolt loosening and viscoelastic effects in the composite under service conditions result in reduced bolt clamping effectiveness. The bolts had nominal diameter 8 mm, with an f7 ISO tolerance. Variable bolt-hole clearances were obtained by using (nominally) constant diameter bolts and variable hole diameters. Four reamers of different diameters were used to finish the holes. The reamers were specially made for the project (by an aerospace supplier) with a tight (h6) tolerance. Even with these tight tolerances on the bolts and the reamers, some variability was possible for each nominal clearance. 
Effects of Variable Clearance in Multi-Bolt Composite Joints
The four intended nominal clearances together with the possible ranges for each clearance are given in Table 1 . Clearance Cl was intended to represent a neat-fit. Clearance C2 represents the upper range of the ISO fitting f7/H10. Clearance C3 represents, according to Di Nicola and Fantle of United Technologies-Sikorsky Aircraft [1] , the upper end of clearances found in aerospace primary structures. Clearance C4 is larger than normally found in aerospace structures, but was studied to examine an out of tolerance situation.
The present study involved six different clearance conditions for each joint type, as shown in Table 2 for the single-lap joints and Table 3 for the doublelap joints. In most cases only one loose-fit hole was drilled, except for one case (C1_C3_C3 for singlelap and C3_C3_C1 for double-lap) in which two loose-fit holes were used. Under fatigue loading, only the all-neat-fit case and the case with one loose-fit clearance of 240 microns were studied.
For the single-shear specimens, load distribution was measured using specially manufactured instrumented bolts, while for the double-shear joints strain gauges across the width of the specimen were used, as shown in Fig. 3 . The shear load carried by the instrumented bolts was measured by strain gauges affixed in shallow slots on either side of the bolt, and located at the faying surface (i.e. shear plane) of the Table 3 : Joint clearance cases for double-lap joints assembled joint. The bolts were calibrated using single-bolt, single-lap joints, with similar dimensions to the current multi-bolt joint. Further details on the operation of the instrumented bolts can be found in [11] . For the double-lap joints, each specimen was instrumented with strain gauges on the outer (splice) plate as shown in Fig. 3b . The method used to estimate bolt load was similar to the method used in [16] , and involved a numerical integration of the strain across the width, which when multiplied by the laminate stiffness gave the average stress at the section. From this the load at each of the strain-gauged sections was calculated, and the bolt loads deduced from freebody diagrams (assuming load carried by friction was negligible). The method assumes that the strain is constant through the thickness of the splice plate so is only applicable for double-lap joints. Note also that only half the width of the specimens was instrumented and the strain was assumed to be symmetric about the centreline.
Several precision jigs had to be designed and manufactured for accurate positioning and drilling of the holes, and assembly of the joints. One jig was used to centre the bolts in the holes in the multi-bolt joints, prior to the test. Clearly, in practice, bolts would not be centred in holes in an aircraft. However, because of the quite large clearances being used here (by aeronautical standards), bolt position within the hole would have a strong impact on the results. Thus
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to focus on the effects of clearance and fix the conditions of the experiment as far as possible, bolt position had to be eliminated as a variable. For precision drilling of the holes, a multi-bolt drilling jig was designed. Full details of these jigs can be found in [17] .
Under fatigue loading, the loading cycle applied to all samples was a constant amplitude sine wave with a stress ratio of R= -1 (
). This fully reversed cycle is considered the most severe type of constant amplitude fatigue loading, and leads to the shortest fatigue lives.
On the compressive stroke of the fatigue cycles, buckling of the joints was a strong possibility, so lateral supports were used to prevent this. Teflon sheets attached to brass backing plates were used to minimise friction between the contact surfaces of the specimen and the lateral support, which is similar to the approach taken in [18] . Another factor to be considered was the potential for significant temperature increase, due to relative motion between the joint parts. If it became excessive, it would cause premature failure of the joint. To help avoid this, frequencies of between 0.66 Hz and 5 Hz were used (higher frequencies were used for joints tested at lower loads). In addition, a cooling system using compressed air directed onto all three bolts was implemented, and the temperature of each bolt was monitored using thermocouples. Bearing in mind that the temperature on the surface of the bolt is likely to be less than in the interior of the joint, the target maximum temperature for the bolt surface was set to 25 o C, and test frequency was adjusted to try to maintain temperatures below this. This criterion was somewhat more stringent that used by Starikov and Schon [18] who maintained the bolt temperature below 33 o C, but they did not use any cooling. Generally, the temperature criterion was met until close to final failure, when the temperatures rose sharply.
As suggested in [18] , a hole elongation failure criterion, defined as an increase in peak-to-peak displacement of 0.8 mm, was used. The initial deflection of the joint was sampled at the start of the test and then the deflection was regularly sampled thereafter at set intervals. The difference between the displacement measured after a certain number of Fig. 4 shows the load distribution in the single-lap joints for the C1_C1_C1 (all holes neat fit) case and the C1_C1_C4 case (240 mm clearance in Hole 3 see Fig. 1 for hole numbering). Shown also are results from a three-dimensional finite element study, details of which can be found in [10] . Note that the maximum 
applied load was set to 15 kN in the experiments to avoid damage to the instrumented bolts. In subsequent tests to failure with ordinary bolts the load deflection curve began to exhibit non-linearity at approximately 20 kN, so 15 kN represents approximately 75% of the initial damage load. From Fig. 4 , it can be seen that the finite element joint models were systematically stiffer than the actual joints (even with corrections made to the experimental results for machine compliance), but clearly the agreement between the experimental and numerical results in terms of load distribution is very good, giving confidence that the results are valid. The usual assumption in such a three-bolt joint is that the outer two bolts take equal load, while the inner bolt takes less load [12] . This was borne out in the C1_C1_C1 case, with the outer two bolts each taking ~35% of the load at 15 kN applied load. However, for the C1_C1_C4 case, the distribution has changed significantly. In this case, the bolt in the largest clearance hole (Bolt 3) initially does not take any load, since it has been centred in the hole by the positioning jig, and load is shared almost equally by Bolts 1 and 2. Bolt 3 is only just beginning to take up load at the maximum applied load of 15 kN, which as was noted earlier is quite close to the load at which non-linearity begins for this joint. Thus it could be expected that such a clearance situation may have a significant effect on the failure behaviour of this joint.
However in tests to failure of two single-lap configurations (C1_C1_C1 and C1_C1_C4), no significant difference was found for the ultimate tensile strength between the two sets of specimens. The situation was somewhat complicated by the occurrence of two different failure modes: net tension and bolt failure. However, of some interest was the occurrence in one C1_C1_C4 test of simultaneous failure of Bolts 1 and 2 (Fig. 5) . From Fig. 4 , the bolt load in these two positions would be expected to be nearly the same therefore this simultaneous failure is not surprising. What is most interesting about this result is that under normal design rules the middle bolt in a joint of this type is not considered to be under threat of failure, but this shows that when variable clearances are accounted for, failure of the middle bolt can occur.
To determine if clearance caused any difference in failure initiation, the slope of the load deflection curve Table 4 Loads at 30% stiffness drop in single-lap specimens 
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was calculated and plotted against load, in line with a method outlined in [7] . One sample curve from each clearance case is shown in Fig. 6 . The slope was calculated here with a moving window size of 7 points, since the point-by-point slope gave a very noisy plot. It can be seen that the C1_C1_C4 joint takes longer to reach its maximum stiffness (due to the late take-up of load and gradual build-up of contact area in the C4 hole). It can also be seen that both joints gradually lose stiffness from about 20 kN on, presumably due to relatively minor damage such as matrix cracking, up to about 35 kN. Then at 36 kN and even more so at 41 kN, the C1_C1_C4 joint shows a sharp drop in stiffness, which is presumably due to some more significant damage event such as fibre buckling or fracture, or perhaps a sharp growth in delamination. The C1_C1_C1 joint does not show any sharp drop in stiffness until about 47 kN. Thus, significant failure events occur at lower loads in the larger clearance joint. To provide an objective measure of this, the load at which the slope has dropped by 30% from its maximum value (as suggested in [7] ) was calculated for all joints tested to failure, and the results are shown in Table 4 . On average, the larger clearance joints exhibited a 30% drop in stiffness at a 5% lower load value than the neat-fit joints, indicating that significant damage occurred first in the larger clearance joints.
One advantage of the strain gauge method of load distribution analysis is that it is considerably less expensive than the instrumented bolt method. Thus in the case of the double-lap specimens, the instrumented specimens could be loaded to failure. Each of the six clearance configurations given in Table 3 was tested to ultimate failure. Fig. 7 shows An interesting feature of the strain gauge results in Fig. 7 was the sensitivity shown by the strain gauges to what is presumably the first substantial failure event. At this point an abrupt change occurred in the strain gauge pattern. By converting bolt loads to bearing stresses at each hole, it was determined that this initial failure occurred when the bearing stress in the most highly loaded hole reached a level varying from 520 600 MPa. From communication with one of the aircraft manufacturers in the project, the bearing allowable for this particular laminate is 520 MPa. Therefore we can conclude that the event being picked up by the strain gauges is bearing failure in the most highly loaded hole(s). From Figure 7 we see that this initial bearing failure occurred in the C1_C1_C1 joint at 50 kN, whereas it occurred in the C1_C3_C1 joint at 44 kN. The lowest initial failure load was recorded for the C3_C3_C1 case and was 37.2 kN, which is more than 25% less than in the C1_C1_C1 case. Thus clearance had a significant effect on the initial failure load for the joint.
Fatigue Test Results
The fatigue life of the single-lap joints in terms of number of cycles to an increase in peak-to-peak the load distribution results for two double-lap configurations (C1_C1_C1 and C1_C3_C1) obtained by the strain gauge method. Again the agreement with finite element analysis (not shown) was very good, and the results indicated that clearance could have a significant effect on load distribution. Concerning the effect of clearance on ultimate failure load, no discernible trend with variable clearance was evident with all specimens failing at loads between 67 and 74 kN (see horizontal axis of Fig. 7) .
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displacement of 0.8 mm is shown in Figure 8 . The fatigue life in terms of cycles to ultimate failure is shown in Figure 9 . Results from the quasi-static tests to ultimate failure are included in Figure 9 for reference. For the highest load the ultimate failure mode was net tension for both clearance configurations, while at lower loads it was bolt failure (with the exception of two specimens that exhibited large hole elongations without any catastrophic failures). One specimen went to 10 6 cycles without reaching final failure. No particular pattern of bolt failure was evident, with some joints exhibiting two bolt failures, some three, some bolt failures being on the head side and some on the nut side.
Figures 8 and 9 generally indicate a shorter fatigue life for the joints with a loose-fit hole (C1_C1_C4 joints) although there is some overlap between the two clearance cases. The separation between the data for the two clearance cases is somewhat greater for the hole elongation criterion than for the ultimate failure criterion.
Examination of the evolution of the peak-to-peak displacement appeared to indicate that the joints with a loose-fit hole began damaging earlier. To examine this further a plot was made of the number of cycles to an increase in peak-to-peak displacement of 0.2 mm, as shown in Fig. 10 . In this case there is a clearer distinction between the results for the two clearance cases, with no overlap of data. Therefore it appears that for the single-lap joints, clearance had its most significant effect on failure initiation and had less effect on ultimate failure.
For the double-lap joints, the same hole elongation failure criterion (peak-to-peak displacement increase of 0.8 mm) was used, but testing beyond this point only resulted in further (extreme) hole elongations and did not result in catastrophic failures such as bolt failure or net tension failures, so no ultimate failure criterion was used. Figure 11 shows the fatigue life of the double-lap joints using the hole elongation criterion. The testing rig malfunctioned in one test, leaving usable results from 15 tests. Of these, two did not reach the prescribed hole elongation failure criterion (0.8 mm increase in peak-to-peak 
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displacement), even after a very large number of cycles (approximately 12 and 24 million cycles respectively). These two tests are indicated with an arrow in the S-N curve ( Figure 11 ) to indicate runout. Note that the test that went to 24 million cycles was performed mostly at 4.5 Hz, and so lasted two months. Again, Figure 11 indicates that a loose-fit hole shortens the fatigue life, although there is some overlap in the data. As was done for the single-lap joints, the cycles to a small increase in peak-to-peak displacement (0.2 mm) were also calculated, to see the effect of clearance on initiation of failure (not shown). Again, the distinction between the results for the two clearance cases was clearer when this criterion was used, indicating that clearance has its most significant effect on the initiation of damage.
CONCLUSIONS
In this paper, the effects of variable clearance in multibolt, composite joints on load distribution, quasistatic strength and fatigue life have been studied experimentally. Both single-lap and double-lap configurations have been examined. Specialised jigs have been used for positioning the bolts in the holes and drilling the joints. The clearances examined ranged from neat-fit to clearances slightly larger than those allowed in the aircraft industry.
It has been found that clearance can have major effects on the load distribution in both single-lap and double-lap bolted joints, especially when joints are loaded in their linear region. The effects on ultimate strength however, were surprisingly not significant. Closer examination revealed though that clearance had significant effects on initial failure such as bearing failure in one hole, particularly for doublelap joints. Presumably, following such an initial failure, the failed hole elongates which tends to even out the clearances, resulting in negligible effects on ultimate failure.
Concerning fatigue life, the single-lap joints displayed a variety of ultimate failure modes, including net tension, bolt failure and hole elongation. In contrast no net tension or bolt failures were found for the double-lap joints. For both joint types, the joints with a loose-fit hole displayed a shorter fatigue life than the joints with all neat-fit holes. The effect was most pronounced on the number of cycles to failure initiation, and was less pronounced on the number of cycles to final failure.
